Obstructive sleep apnea (OSA) adversely affects neurological recovery. This study aimed to determine the impact of continuous positive airway pressure (CPAP) and/or rehabilitation in basal ganglia stroke patients with OSA.
Introduction
Stroke is the second most significant cause of death, and the third leading cause of disability-adjusted life-years worldwide. [1] Every year, there are more than 10 million major strokes around the world, [2] due to the negative impact of population aging and rapid urbanization. China, the world's most populous country, however, is likely to bear a major burden. [1, 3] Some mechanisms have been discovered, for example, the levels of factor VII (FVII), factor VIIa-antithrombin complexes (FVIIa-AT), and total tissue factor (TF) are decreased, while tissue factor-bearing microparticles (MPs-TF) are elevated in patients with ischemic stroke. [4] However, the role of inflammation in cerebrovascular disease is complex, activation of renin-angiotensin-aldosterone system (RAAS), through increase in the production of angiotensin II (Ang II), is closely related to local vascular inflammation. [5] A study confirm that stroke patients exhibited significantly higher plasma levels of cytokines, selectins, adhesion molecules and plasminogen activator inhibitor-1 (PAI-1), and diabetic patients with lacunar strokes exhibited a minor grade of immunoinflammatory activation of the acute phase at 24-72 h and 7-10 days after stroke onset. [6] Therefore, predictors of good prognosis, in terms of in-hospital mortality and cognitive and functional performance at discharge, included pretreatment with ACE-inhibitors, calcium channel blockers and anti-platelets. [7] The fundamental purpose of rehabilitation treatment for stroke is to prevent complications, reduce obstacles and improve body functions to the greatest extent, while improving daily life activities. [8] Obstructive sleep apnea (OSA) is the most common sleep-related breathing disorder. It refers to the condition of sleep-disordered breathing, whereby cessation of airflow occurs due to upper airway collapse. This results in a disruption of normal sleep physiology, and manifests as snoring, excessive daytime sleepiness, morning headache, sexual dysfunction, and cognitive and mood disorders, and could probably lead to stroke and other systemic ailments. [9, 10] A review on the epidemiology of sleep apnea by Franklin KA, with a refined and uniform methodology, revealed mean prevalence rates of 22% and 17% in men and women, respectively, [11] which was also shown in another recent study confirming moderate to severe OSA in up to 20% of the middle-aged population. [12] As a major public health concern, OSA is an independent risk factor for stroke and death. [13, 14] OSA causes acute physiological changes, including alveolar hypoventilation and pulmonary artery vasoconstriction; it also promotes chronic vascular disease secondary to increased platelet adhesiveness, endothelial dysfunction, and accelerated atherosclerosis. [15] In addition, OSA is responsible for sleep fragmentation, which potentially damages neurological and cognitive functions. [16] OSA is characterized by repetitive episodes of complete or partial obstruction of the upper airway, which can occur in any stage of sleep but is more frequently in non-rapid eye movement (non-REM) stages 1 and 2 and rapid eye movement (REM) sleep in comparison with non-REM stage 3. [17] These episodes often lead to reduced blood oxygen saturation and body movement that can cause brain arousal and sympathetic activation. [18] OSA prevalence can rise to 72% in stroke patients. [19] Meanwhile, stroke patients with OSA show lower functional capacity and spent longer time for recovery compared with non-OSA stroke cases. [20, 21] Treatment of OSA with continuous positive airway pressure (CPAP) reduces the incidence of stroke. [15] Studies revealed that CPAP reduces stroke recurrence and improves recovery with feasible initiation in stroke patients with OSA. [22] Estimates suggest, however, that as many as 70-80% of patients with OSA are neither diagnosed nor treated. [23] Moreover, due to physical disability and relative inaccessibility of polysomnography (PSG) to detect OSA, stroke patients frequently remain undiagnosed and untreated. The American Heart Association/American Stroke Association secondary stroke prevention guidelines recommend that patients with ischemic stroke and TIA receive screening for sleep apnea and treatment because of data suggesting that post-cerebrovascular event outcomes are improved after treatment of sleep apnea. [24] However, these recommendations have not been adopted widely. Although CPAP is the mainstay therapy for OSA, compliance remains variable. Nasal disease and nasal parameters, [25] temperature and humidity, [26] and mask and interface [27] are important factors for CPAP therapy discontinuation and long-term adherence.
Thus, a correct diagnosis of OSA in stroke patients and subsequent rehabilitation has become prominently important.
As a potentially modifiable risk factor for stroke, its treatment and prevention could represent an important strategy for OSA with stroke. To identify a method with which proper OSA therapy optimizes stroke rehabilitation, we recruited patients with basal ganglia stroke (ischemic and hemorrhagic) with OSA. This prospective study focused on the impact of CPAP and/or rehabilitation on acute stroke with OSA, and recovery from stroke in short and long terms. We aimed to assess the role of CPAP as an important factor affecting the outcome after stroke.
Design and methods
The present study was a prospective multicenter controlled trial performed at two medical centers, including the Department of Respiratory Medicine, the Second Affiliated Hospital of Suzhou University, and the Department of Respiratory Rehabilitation and Neurology Rehabilitation, The Fourth Rehabilitation Hospital of Shanghai, China. Briefly, stroke patients with OSA were recruited over a period of 42 months from January 2015 to June 2018 in this study. We specifically focused on basal ganglia stroke (ischemic and hemorrhagic) as it is more prevalent and to avoid bias. The subjects were assigned to the intervention and control groups, respectively, and long-term treated with or without CPAP (Dream Station Auto CPAP (CNX500S17), Respironics, Inc, and AirSense 10 AutoSet Plus, ResMed Limited). This study was approved by the Ethics Committee of Suzhou University and The Fourth Rehabilitation Hospital of Shanghai, and written informed consent was obtained from each participant (Trial Registration: ChiCTR1900020729).
Patient definition
Patients were enrolled in this study according to the following criteria: 
Measurements

Polysomnographic study
All stroke patients underwent one night (≥8 h) of polysomnographic (PSG) study at the Sleep laboratory of our department within 4 weeks of stroke onset. They underwent the PSG test without drinking alcoholic or caffeinated drinks for the last 2 [28] Apnea was defined as a reduction of airflow of ≥90% for at least 10 s, and hypopnea as a reduction of airflow of ≥50% for at least 10 s followed by oxygen desaturation of ≥3%. Apneas with thoracic motion, without thoracic motion, and with initial lack of motion followed by respiratory effort, were classified as obstructive, central, and mixed apneas, respectively. OSA was diagnosed when at least 50% of respiratory events were of the obstructive type. The apnea-hypopnea index (AHI) was defined as the mean number of apneas and hypopneas per hour in bed. Other OSA-associated respiratory parameters, including minimum of peripheral oxygen saturation (SpO 2 ), mean of SpO 2 and percentage of time with SpO 2 at <90%, were recorded. Sleep architecture variables were also examined, including sleep efficiency, sleep stages, and the micro-arousal index. Sleep efficiency was defined as the percentage of sleeping duration divided by the total time spent in bed. The micro-arousal index was the number per hour of micro-arousals lasting 3-15 s. Patients with oxygen desaturation observed by polysomnography received one night of oximetry while using CPAP. CPAP pressure was adjusted by monitoring chest and abdomen movement, oronasal airflow and finger blood oxygen saturation, which gradually increased from 4 cmH 2 O (1 cmH 2 O = 0.098 kPa) to apnea disappearance and finger blood oxygen saturation (SaO 2 ) >90%. And those with persistent desaturation despite auto-titrating CPAP were provided supplemental nocturnal oxygen via the CPAP machine. The average pressure of CPAP was (8 ± 4) cmH 2 O.
Obstructive sleep apnea treatment
CPAP adherence was classified as 'none' if the patient refused to take a receipt from the CPAP machine or did not use it at all, 'poor' with the number of nights of usage was 10% of all nights available, 'some' with the nights used >10% of total nights available or cumulative hours of use <4 h per night times 70% of all nights available for use, and 'excellent' if total cumulative hours of use were ≥4 h per night times 70% of all nights available for use. [29] The primary outcome related to OSA treatment was the proportion of treated patients with excellent CPAP adherence.
CPAP adherence support
Our approach to improving CPAP adherence consisted of early intensive education and support, followed by regular and ongoing contact with patients. During hospitalization when results of baseline polysomnography were reviewed, staff members provided patients with information about sleep apnea and CPAP. In the first month after in-home delivery of the CPAP machine, the patient was visited every week; thereafter, monthly telephone calls were made for the remainder of the 2-year study period. In-home visits were scheduled at 6, 12, and 24 months of CPAP use and at study end. During in-home visits, staff downloaded pressure, residual AHI, air leak, and compliance data from the CPAP machine and reviewed them with the patients. Staff members were also available to patients for ad hoc issues related to difficulties with mask fit or other technical problems with the CPAP machine.
Routine rehabilitation training
All patients received routine rehabilitation training as directed by the rehabilitation doctor, including treatment of cerebrovascular risk factors such as hypertension, diabetes, hyperlipidemia, and coronary disease. Physical and occupational therapies based on the Bobath technology were applied, such as joint activity training, induction of active body movement, balance training, position transfer training, and daily activity ability training. Total treatment duration was 6 months; physical and occupational therapies were performed once a day for 45 minutes, 5 days per week. Electrotherapy was performed once a day for 20 minutes and 5 days per week.
After 6 months of rehabilitation, the patient enters a chronic period, or a later period of recovery, and the community and outpatient department provide sequential rehabilitation. In this period, the patients were treated with targeted rehabilitation to prevent and treat the disability syndrome and improve daily activities. Regular outpatient service or home guidance was carried out by therapists to provide physical and occupational therapies.
All subjects were evaluated at admission, 6 months, 12 months, and 24 months follow-up for motor function by the Fugl-Meyer assessment scale (FMA), stroke severity by the National Institutes of Health Stroke Scale (NIHSS), cognitive function by Minimental state examination (MMSE), activities of daily life by the Barthel index (BI), psychological state by the Hamilton anxiety scale (HAMA) and Hamilton depression rating scale for depression (HRSD), and obesity by the BMI.
Sample size
According to Bravata DM, [30] the mean AHI would be 20.0 events/h with a standard deviation of 15.2 in the intervention group compared with 22.6 with a standard deviation of 16.1 in the control group, and according to Qaseem A, [31] the pre-post AHI were À19.85 events/h, CPAP vs no treatment. According to Menon D, the pre-post NIHSS were 11.03 and 8.15 in the OSA group, respectively. The trial was designed to recruit 40 patients in the CPAP group and 82 patients in the control group to have at least 80% statistical power to the two primary aims, the sample size estimates assumed a 10% loss to follow-up in both groups. [32] 
Statistical analysis
Data analysis was performed with SPSS (version 22.0, IBM, New York, USA). Quantitative data are mean ± standard deviation (SD). Continuous variables were analyzed by Student's t test and categorical ones by the chi-square test or Fisher's exact test as applicable. The level of statistical significance was set at two tailed P < .05. Categorical data were presented as proportions and 95% confidence intervals (CIs). Descriptive statistics was used to characterize the sample in terms of demographic, clinical, sleep, and stroke variables. The CPAP and control groups were compared by independent samples Student's t test, and
test), as appropriate. Repeatedmeasures ANOVA was used to assess interactions between the two groups and changes. Different statistical methods were used to identify the effect of CPAP and rehabilitation on stroke recovery while keeping the effects of confounding factors at the minimum.
Results
Patient characteristics
During the study period, of the 398 patients with OSA admitted with acute stroke in our departments, 233 basal ganglia stroke cases (ischemic and hemorrhagic) were identified. After applying the selection criteria 146 were selected, of which 67 were later excluded: poor cooperation and incomplete data (n = 11) and withdrawal of consent (n = 9). Meanwhile, 18 patients were lost to follow-up (n = 18), including 2 patients in the CPAP group at 12 months, and 5 and 11 in the control group at 12 and 24 months, respectively. A total of 128 patients formed the final cohort (Fig. 1) .
All baseline characteristics in the CPAP and control groups were compared (Table 1 ). There were no statistically significant differences in age, gender, smoking, drinking, education, hypertension, hyperlipidemia, diabetes, coronary artery disease, treatment with antiplatelet agents, and stroke type (ischemia or hemorrhage) between the two groups (all P > .05).
OSA-associated impairment of sleep parameters is improved with CPAP and rehabilitation in basal ganglia stroke patients
We examined the effects of OSA on sleep architecture. AHI and other respiratory parameters, such as minimum SpO 2 , percentage of time with SpO 2 <90% and sleep architecture, were not significantly different between the two groups (P > .05) at baseline. At 6 months, the CPAP group had significantly lower mean AHI, TS90%, micro-arousal index, percentages of time in non-REM stages 1-2, and during the REM stage in total sleeping time compared with the control group, as well as markedly higher mean L-SaO 2 % and percentages of time in stage 3 (P < .001). Intermittent hypoxia at night was significantly improved by CPAP. There were no statistically significant differences in terms of AHI and other respiratory parameters between the two groups at 6 months (P > .05) ( Table 2 ).
CPAP and rehabilitation improve NIHSS, FMA, ADL, MMSE, HAMA, HRSD and BMI in basal ganglia stroke patients with OSA
There were no statistically significant difference in NIHSS, FMA, ADL, MMSE, HAMA, HRSD, and BMI at baseline between the CPAP and control groups (all P > .05) ( Table 3) .
The CPAP group showed significant improvement in average FMA, ADL, MMSE, and HAMA scores at 6, 12, and 24 months compared with the control group (all P < .05). The CPAP group showed significant improvement in average NIHSS and HRSD scores at 12 and 24 months compared with the control group (P < .05). There was no difference in BMI management between the two groups (P > .05) ( Table 3) .
Repeated-measures ANOVA revealed significant interactions between the two groups and changes in NIHSS, FMA, ADL, MMSE, HAMA, and HRSD from baseline to 24 months (P < .001) (Figs. 2-7 ), but no significant interaction in BMI scores (P = .582) (Fig. 8) .
Discussion
The prevalence of sleep-disordered breathing including OSA in the general population is variable, and ranges from 8% to 57% in men and 9% to 35% in women in various studies, [12, 33, 34] whereas in stroke cases, OSA prevalence ranges from 30% to as high as 80%. [19, 35] In clinic, attention should be paid to stroke patients with OSA. This is the first prospective study focusing on the impact of CPAP and/or rehabilitation in stroke patients with OSA for 2 years. In the current cohort, intermittent hypoxia at night was significantly improved by CPAP. These results also demonstrated that a strategy of treating sleep apnea in patients with basal ganglia stroke could lead to substantial improvements of CPAP treatment.
The two groups had similar FMA and NIHSS at admission; however differences reached statistical significance at 6-month follow-up, and continued throughout the study. This is perhaps related to poor motor function and stroke severity improvement in the control group compared with the CPAP group. This suggests that CPAP and early rehabilitation training in stroke patients with OSA may obviously improve motor function and disability, increasing the quality of life.
By comparing the degree of improvement in terms of BI score change by 1 or more, we found that compared with the CPAP group, patients with rehabilitation only performed significantly less in recovery, revealing that rehabilitation has significantly lesser chance of improvement in the activities of daily living. However, the SAVE study assessed the possible benefits of CPAP in preventing cardiovascular events in OSA, and obtained less encouraging outcome. [36] Patients with moderate to severe OSA combined with coronary or cerebrovascular diseases treated with CPAP showed no benefit compared with those on routine care in terms of prevention of cardiovascular events. The relatively short compliance period for CPAP and a delay between implementing CPAP after identification of coronary and cerebrovascular events may be potential factors that require further investigation. As a rehabilitation center for advanced neurological and respiratory services, it is possible that more patients with both respiratory and neurological issues could have been referred to our center. Future studies should focus on whether early detection of OSA in stroke patients could translate into clinical benefit by CPAP application to assist stroke recovery.
OSA was reported to exaggerate cognitive dysfunction in stroke patients, which potentially impairs rehabilitation. [37, 38] Yan Zhang clarified that OSA is an independent risk factor in addition to stroke for impairing cognitive function (e.g., prospective memory) in stroke patients. [39] As a potential underlying pathogenic mechanism, OSA decreases oxygen supply to the brain; meanwhile, stroke, a major brain disorder, often damages cognitive function. [40] In previous studies, OSA has been associated with severer cognitive dysfunction in stroke patients, and the pattern of OSA-related cognitive impairment differs from typical stroke-caused cognitive deficits. We found improvement of cognitive dysfunction in stroke patients with OSA, which indicates that both CPAP and rehabilitation are two complementary measures. Indeed, using CPAP was more efficient than rehabilitation alone as shown above. A number of previous studies have associated OSA-related cognitive dysfunction with hypoxia. [41] [42] [43] In patients with insomnia, sleep discontinuity was shown to damage attention and episodic memory. [44] It should be noted that in both stroke and snoring patients, OSA tends to shorten sleeping time at the slow wave stage (SWS), which is essential in the consolidation of declarative memory in young and healthy people. [45] [46] [47] [48] As a potential mechanism, the active behavior first generates labile information storage in the hippocampus; during SWS, this temporally encoded hippocampal information is reactivated and transmitted to the cerebral cortex and integrated into a more permanent memory. [49] In stroke patients, SWS activity increases over the infarct area and decreases in the peri-infarct area. [50] Moreover, arteriolosclerosis and subcortical infarcts in older adults are associated with sleep fragmentation. [51] Most importantly, OSA is a treatable disorder. CPAP therapy has been shown to improve episodic memory, attention and executive functioning in non-stroke OSA patients. [52] [53] [54] Recently, similar therapeutic effects were also observed in stroke patients suffering of OSA. [38] CPAP and other anti-OSA therapies also improve sleep efficiency and reduce sleep fragmentation. [53, 55] A long-term home-based programmer of aerobic physical activity improves metabolic asset and reduces systemic inflammation in sedentary people of many diseases, such as these of atherosclerotic-based, degenerative and neoplastic. [56] However, it should also be noted that the beneficial effects of CPAP and rehabilitation in stroke patients are more pronounced than those of rehabilitation alone, which might be due to the large capacity of stroke patients with OSA than that of stroke patients to compensate OSA-induced neuronal degeneration and mood disorder. Accordingly, typical hallmarks of this disorder are sleep disruption and non-restorative sleep induced by frequent occurrence of upper airway obstruction. These nocturnal impairments can lead to daytime consequences. As a result, OSA patients frequently complain of excessive daytime sleepiness, [57] tiredness, insomnia, anxiety, stress-related disorder, [58] and, in some cases, depressive symptoms. [59, 60] In this study, stroke patients with OSA suffered from psychological disorders at various degrees. We found a significantly improvement in the psychological state in the CPAP group compared with patients receiving rehabilitation alone, indicating that continued adaptation to CPAP may keep the mental state stable.
Obesity is an important risk factor for OSA, and weight loss reduces apnea severity, and even leads to resolution in some patients. However, CPAP is associated with weight gain in some patients but never weight loss; indeed, BMI increases with 1 year Table 2 Respiratory parameters and sleep architecture in the CPAP and control groups. Values are mean (standard deviation) or n (%). AHI = apnea-hypopnea index. Student t test was used for comparisons. REM = rapid eye movement, SpO 2 = peripheral oxygen saturation. 
<.001
Values are mean (standard deviation) or n (%). BMI = body mass index, Student t test was used for comparisons. * P < .05 vs baseline.
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of CPAP use in women but not men and in non-obese subjects. [61] In the majority of CPAP-treated OSA patients, weight did not significantly change but increased slightly slower than in the agematched general population. However, in 10% of patients, high adherence to CPAP treatment did not prevent further weight gain. These patients present a high-risk group for OSA-related multi-morbidity later in life. [62] OSA patients treated with CPAP may gain a modest amount of weight, with the greatest weight gain found in individuals most compliant to CPAP. [63] However, the latter study failed to address a key aspect-whether the weight gain is due to adipose tissue or lean body mass (LBM). [64] However, effective CPAP therapy may lead to weight loss by any of several proposed mechanisms, including, but not limited to increased physical activity and enhanced responsiveness to leptin. The role of leptin in the development of OSA has been reported. However, the effects of OSA treatment using CPAP on serum leptin levels remain controversial. After 6 months of CPAP or surgery, leptin, IL-6 and TNF-a levels are decreased in all OSA patients, [65] but no changes in leptin were detected after 6 months of CPAP in OSA patients in another study. [66] Evidence from a meta-analysis assessing the effect CPAP therapy on decreasing leptin levels in OSA patients is low, and stronger evidence is needed. [67] In this study, we postulate that weight management would benefit overweight/obese OSA patients with stroke, with addition of upper airway management, such as with CPAP. However, as the review above clarifies, both CPAP and weight loss independently lead to improvement in OSA severity and stroke recovery.
This study had many merits in that it was a well-planned, supervised, prospective study, with long-term follow-up. In addition, we employed AASM criteria to diagnose OSA. However, many studies were based on oximetry alone, which is inferior to PSG or even portable monitors. [68, 69] There are several limitations of this study as well. First, compliance to CPAP treatment is too low and could be randomized in this study. Secondly, sample size was relatively small and no blinding was used, and the sample size of hemorrhagic strokes was too small to compare the differences of outcome between ischemic and hemorrhagic strokes with CPAP therapy. Thirdly, there might be selection bias in the patient population with basal ganglia stroke (both ischemic and hemorrhagic). It is assumed that only patients with stroke on the same location visited our hospitals. In addition, the evaluated indicators, such as FMA, ADL, MMSE, HAMA, and HRSD, were scales, which are not as objective as PSG parameters.
Conclusion
This study demonstrated that OSA significantly and independently contributes to neurological and cognitive dysfunction in Chinese stroke patients, which is associated with hypoxemia and disrupted sleep. In stroke patients with OSA, CPAP and routine rehabilitation training might improve cognitive function, facilitate motor function recovery and increase the quality of life. In the context of increasing recognition of OSA as a potentially modifiable risk factor for primary as well as secondary stroke prevention, the present study highlighted the importance of intervention for OSA, not only for the prevention of stroke recurrence, but also for potential enhancement of post-stroke recovery. 
